The potential model has so far systematized various quantities of quark onium belonging to particular flavor, but it was not enough to say that the consistency between the quarkonia with different flavors was proved. Further careful analyses were made by using the potential restricted by the asymptotic behavior of QCD and some stringent experimental constraints. This potential contains only two parameters A (scale parameter) and k(confining parameter) which have been loosely limited by the deep inelastic scattering and the Regge slope. In this note, we further restrict them by using fine structure of quar· konium. A and k are severely restricted in almost the same regions in spite of the difference of flavors. This reflects the adequacy of potential form. This form of potential is extensively applied to lighter quarkonia only by sliding mQ. The 1Jf data including fine-and hyperfine-splitting are fairly well reproduced. Unexpectedly, even lighter mesons, which have been considered to be outside of the semirelativistic treatment (e.g., Breit-Fermi), have the qualitative tendency expected by sliding mQ from heavy quarkonia. The predictions related to toponium are also given to corroborate this potential. § 1. Introduction
§ 1. Introduction
The concept that the hadron is conceivable as the quark composite system described by the so-called QCD, is step by step approved. Especially, the quark onium which is the simplest structure, have been accurately analyzed with the discovery of heavy hadrons containing b-quark. However, the standard potential V(r)=- (4/3) as/r+kr with constant as, has so far systematized various quantities of quark onium belonging to particular flavor, but it was not enough to say that the consistency between the quarkonia with different flavors was proved. We have carefully analyzed the consistency between the observables of quarkonia belonging to different flavors from the standpoint that these should be regularly systematized by the universal inter-quark potential which is indifferent of such variety of flavors.!) This potential might have been derived from the first principle of QCD. However, it is not completed yet and we are compelled to proceed step by step by studying the mathematical structure of QCD together with physical intuition. The suitable potential must bear a close resemblance to the prediction of QCD as much as possible at r ...... 0 where perturbative QCD is reliable. While, at r ...... oo , where QCD is not completely solved yet, we are obliged to proceed for a while phenomenologically considering the indications from the linearity of Regge trajectory, lattice gauge theory and so on.
Particularly important is that the Lorentz property of the confining part of the potential is restricted to be almost scalar type from the analyses of the fine structure of t) Supported in part by the Grant-in-Aid for Scientific Research of the Ministry of Education, Science and Culture.
C. Yoshida, K. Iwata, M. Hirano, T. Murota and D. Tsuruda charmonium ( § 2(a)). As far as we know, there have been no contemplation of explaining this property from QCD itself. All we can now say is that the scalar confining is based on the best available experimental evidences at this time.
The parameters in this potential are restricted at most to the flavor independent A . (scale parameter) and k (confining parameter). These parameters have loosely been limited by the experiments and cannot be chosen. The A is required to be 118 MeV < A <384 MeV from deep inelastic processes. 2 ) As for the k, there are many arguments 3 ) to correlate it with Regge slope or the string tension and it is considered to be k=O.l ~O.25 GeV
•
Now, what would happen if further constraint from the fine structure of quark onium were to be added? In § § 2(b) and 3, the remarkable concentration of the A and k is obtained, if and only if we accept that the running coupling constant a(r) must be used instead of the constant as and the Lorentz property of the confining potential is to be the scalar type. Our settled potential is extensively applied to lighter and heavier quarkonia only by sliding mQ. There are no reasons to assert that this model can be extended immediately to the lighter quarkonia without any improvement of the approximation, but the trial will be useful in researching later problems. We will report the preliminary results of this investigation in § 4. § 2. Construction of the QCD inspired potential
We formulate a flavor independent potential, taking into account the prediction of QCD as much as possible. The q-ij potential used in the analysis is composed of two parts, long and short ranges, taking notice of their origins. The short range part of the potential should tend to the Coulomb type with fine structure 'constant' a(r) which is proportional to cx::l/ln(l/Ar) as the result of asymptotic freedom due to ultraviolet behavior of QCD, and the long range part is provided by the increasing function of r. The latter is ascribed to the infrared behavior of QCD which is considered to be related to the confinement of the quark. Here, we use linear potential ~ kr invoking the area law of Wilson's 100p.4) The complete form of the potential obtained thus far was discussed in the previous paper (Spin-spin term)
This potential has two distinctive features. The first point is related to (a) the severely restricted form of the Breit-Fermi terms from the Lorentz property of the confining part of the potential and the second point concerns (b) the running coupling a( r) used instead of the constant as. The discussion would not be completed without mentioning the importance of them.
(a) The spin dependent parts of the Breit-Fermi terms reflect that the Lorentz property of the confining part of the potential is to be scalar type, otherwise R1 (¢) markedly conflict with experiment. To understand this circumstance, a little more general form of the potential allowing the (1 -r; ): r; co-existence of the scalar and vector confining,1),5) is more instructive than V ( r) referred to above.
The spin dependent part of such potential is 281·82 In Vsn( r, r;), the case r; = 0 agrees with V ( r) referred to above and r; = 1 corresponds to the 'pure vector case' analysed by several authors.6) This general spin dependent part of potential is used to investigate the crucial problem of hadron spectroscopy, i.e., the fine structure of quark onium, characterized by
R1 (=(M(3P2)-M(3P1»/(M(3P1)-M(3Po»).
Several potentials are in trouble with the reproduction of R 1 , absolute value of fine splitting and still more the flavor dependence of them. Therefore, the requirement that the R1 must be reproduced well may restrict severely the potential, especially the Lorentz property of the confining part of the potential.
With this potential, we calculate R1 and the result is as follows: The Lorentz property of the confining potential is almost pure scalar type (r; =0) rather than pure vector (r; = 1) . All analyses fail to reproduce R 1, as far as r; = 1 was used. This can be understood by using Fig. 1 . In order to avoid the complication, we put a( r) = as (constant) for a while and release this costraint afterward. We plot the ~-and r;-(=<k/r)1P / <as/ r As can be readily seen from Fig. 1 , Rl cannot be reproduced for ~ larger than some critical ~c( = 5/19). Here, if we release the restriction a( r) = as (constant) as is given by a(r) above, the Rl surface of Fig. 1 is further elevated, so that the case ~ > ~c is completely rejected and rather scalar rich type is preferable. The realization of scalar type is a conspicuous property of confining part of the potential which might be explained on the basis of QCD.
For the time being, we proceed with the definite choice of ~ = 0 (pure scalar confining) .
(b) The substitution of a (r) instead of constant as is very important. As far as we stick to constant as, we could not find common as explaining simultaneously both fine and hyperfine structures: The as must be relatively large (small), i.e., 0.35< as <0.50 (as<0.30), to account for fine (hyperfine) structure. Meanwhile, the characteristics of fine and hyperfine structures are generally as follows: The fine structure is influenced mainly by relatively distant «r»O.I fm) behavior of potential as is inferred from the r-dependence of LS-term and Tensor-term. On the other hand, the hyperfine structure reflects the behavior of V(r) relatively short region «r><O.I fm) as is learned from the structure of SI . S2-term.
As a corollary, the fine structure 'constant' of the Coulomb type potential vir) must be small (large) at near (distant) r to remedy the defect of Coulomb part of the standard potential with constant as. That is, the reformed potential V(r) must have milder gradient in r < 1 fm than that of standard ones. It is just the feature of the potential with the running coupling in the short range, which is suggested by perturbative QCD. § 3. The remarkable concentration of the potential parameters
The parameters A and k have been roughly constrained by the deep inelastic scattering and the Regge slope. We have further restricted them by using the analyses of fine and hyperfine structures of heavy quark onium. We find that the values of A and k which can commonly explain the various quantities of quarkonia in spite of their difference of flavors are determined almost uniquely A =0.25 GeV and k=O.20 GeV
•
In order to obtain these results, we have used the level difference (2S -ISh,;>, fine-splitting (3 P2 _3 PI);> and fine-splitting ratio Rl ( Y, ¢) to secure the safety of the nonrelativistic approximation as much as possible. In Fig. 2, the allowable (A, k) domains restricted by experiments are shown. What is evident from this figure is the remarkable concentration of A and k in spite of the difference of the flavors.
From this sharp concentration of the parameters with much other achievement so far, it seems to us that the QeD as the dynamics of hadron is not only necessary but inevitable. This potential is extensively applied to lighter and heavier quarkonia only by sliding mQ. As can be seen from Fig. 3 , the fine-and hyperfine-spliUings are fairly well reproduced simultaneously in spite of the difference of the flavors, though, it was said difficult for the standard potential.
The 1 
. The systematization of other quarkonia
We will now leave the area of Y, ¢ quarkonia which we have described so far, and get into another area of enormous interest to us. There are no reasons to extend this model immediately to lighter quarkonia without any improvement of the approximations,S) however the trial will be useful in research for later problems. We have tried the application of our potential model to lighter quarkonia than charmonium. At the same time, the predictions are given for toponium to corroborate this potential. The results are as follows.
(i) The preliminary results of n 3 51-1 3 51 curves extended from heavy quarkonia go towards experimental values at about reasonable mQ values, as is shown in Fig. 4 , though some improvement of the approximation is necessary. At the same time, more precise experiment is desired for further investigation. We take the two cases for p(2 3 5,) . Solid bar is for p(1590) and dashed bar is for p(1250). Which one we adopt as 2 3 5, deeply affects our qualitative understanding of light mesons. The remarkable concentration of the potential parameters is obtained in spite of the difference of the flavors as far as we concern the heavy quarkonia. This reflects the adequacy of the potential form restricted by (a) and (b) in § 2, at least in the region of heavy quarkonia. As a result, we can explain wider phenomena simply and consistently by using unique potential with fewer parameters than those that have been discussed.
These favorable results suggest that this potential might also be effective to systematize not only heavy quarkonia but also lighter ones. We have obtained some preliminary results encouraging this anticipation.
A theoretical investigation of the method to systematize-the lighter quarkonia including an improvement of the approximationS) is in progress.
